I. INTRODUCTION
Most complex dynamical systems, including chaotic systems, are described by continuous-time models. It is, therefore, common practice and, in fact, advantageous to design a controller in the continuous-time framework.
The continuous-time controller, on the contrary, is preferable to be implemented by using a digital device for better performance, more flexibility, and lower cost. A digital implementation of the continuous-time controller is indeed very desirable when the designed continuous-time controller uses some recent and advanced control algorithms.
The conversion of the continuous-time controller to an equivalent digital controller is known as digital redesign. Digital redesign techniques were first considered in [1] , and then developed by many others [2] - [4] . It has been noticed that although the digital redesign techniques are attractive for digital implementation of advanced continuous-time controllers, these digital redesign schemes basically work only for linear systems. Until only very recently, Xu et al. applied a digital redesign technique to the control of a nonlinear system-the chaotic Chua's circuit [5] -with success. Therefore, it is highly desirable to develop some intelligent digital redesign methodologies for complex nonlinear systems, in which an attempt was made by Joo et al. [6] for a case without uncertainties using fuzzy logic approach.
A fuzzy logic controller is particularly suitable for the systems with uncertain or complex dynamics. Recently, a simple but quite efficient Takagi-Sugeno (TS) fuzzy model was proposed, which combines the fuzzy inference rules with some local linear state-space models for a global representation of the system dynamics [7] . Recent fuzzy control techniques [8] - [11] , developed based on the TS fuzzy model, have shown many promising results that may lay a solid foundation for intelligent control of complex nonlinear systems.
In this brief, we further develop a systematic method for the intelligent digital redesign of a hybrid state space fuzzy-model-based controller for sampled-data control of continuous-time complex dynamical systems which may also contain uncertainties. The continuous-time uncertain TS fuzzy model is first constructed to represent the underlying system and then, the continuous-time fuzzy-model-based controller is designed. In the design of the continuous-time controller, local feedback compensators are developed by using the guaranteed-cost design method, which has global closed-loop stability for the controlled continuous-time TS fuzzy model. Based on the obtained continuous-time fuzzy-model-based controller, an equivalent digital controller is designed, so that the states of the sampled-data controlled system can closely match those of the predesigned continuous-time controlled system. This new design technique, so called intelligent digital redesign, provides a systematic and effective framework for integration of the fuzzy-model-based control theory and the advanced digital redesign technique for complex nonlinear dynamical systems with uncertainties.
The rest of the brief is organized as follows: Section II introduces a brief overview of a TS fuzzy model structure and formulate digital redesign problem of continuous-time fuzzy-model-based controllers. The development of a fuzzy-model-based controller for an uncertain TS fuzzy model and the intelligent digital redesign method are discussed in Section III. Then, in Section IV, the TS fuzzy model of the chaotic Lorenz system is used as a test example for the proposed method. Finally, conclusions are drawn in Section V with some discussion.
II. PRELIMINARIES AND PROBLEM FORMULATION
Since many real dynamical systems are very complex and have strong nonlinearities and uncertainties, rigorous mathematical models can be very difficult, if not impossible, to obtain. Fortunately, certain class of nonlinear dynamical systems can be represented in the form of mathematical model locally, or as an aggregation of a set of mathematical models. The TS fuzzy model is a convenient and powerful tool to handle such nonlinear systems.
Consider a continuous-time nonlinear dynamical system of the form _x c (t) = f 0 (x c ) + 1f(x c ) + (g 0 (x c ) + 1g(x c ))u c (t) where x c (t) 2 n is the state vector, u c (t) 2 m is the control vector, f0(xc) and g0(xc) are known nonlinear continuous functions, 1f(x c ) and 1g(x c ) are uncertain functions. This nonlinear system can be approximated or represented by the continuous-time TS fuzzy model, which is composed of a set of fuzzy inference rules and some local linear state-space models of the system over a certain region of the state space. We use the following TS fuzzy model to represent a complex, multi-input multi-output uncertain nonlinear system described by either of the following forms:
IF-THEN Form:
IF z 1 (t) is F i 1 and 111 and z n (t) is F i n THEN _xc(t) = (A0i + 1Ai)xc(t) + (B0i + 1Bi)uc(t); i = 1; 2; ... q (1) Defuzzied Form: 
where D i , E i1 , and E i2 are predetermined constant real matrices of appropriate dimensions, which represent the structures of the system uncertainties, and F i (t) 2 i2j is an unknown matrix function with Lebesgue-measurable elements and satisfies
In addition, we also note that the uncertain matrices 1A i and 1B i can be represented in an interval form 1A [12] , [4] .
We use the following fuzzy-model-based controller structure which is represented by either of the following forms:
IF z 1 (t) is F i 1 and 1 11 and z n (t) is F i n THEN u c (t) = 0K ci x c (t); i= 1; 2; ...; q (5) Defuzzied Form: u c (t) = 0K c ()x c (t) (6) where K ci are a feedback gain in the ith subspace, K c () = q i=1 iKci. The resulting continuous-time closed-loop TS fuzzy system becomes _x c (t) = (A() 0 B()K c ())x c (t):
Next, let the state equation of a continuous-time system which contains the same system matrices A i and input matrices B i of the system (1), with a different input, be represented by
kT t < kT + T (9) and T is the sampling period. Here, u d (kT) is a discrete-time fuzzymodel-based controller described by either of the following forms:
IF-THEN Form: Defuzzied Form:
A zero-order hold is used in (9) . The resulting sampled-data closed-loop TS fuzzy system becomes
This brief is dedicated to the following intelligent digital redesign problem.
Problem 1 (Intelligent Digital Redesign):
The intelligent digital redesign problem is to find the digital fuzzy-model-based control law (9) from the continuous-time fuzzy-model-based control law (6) so that the states of the sampled-data closed-loop TS fuzzy system (12) approximately match those of the continuous-time closed-loop TS fuzzy system (7) for xc(0) = x d (0).
III. MAIN RESULTS
In this section, we develop the continuous-time fuzzy-model-based controller design algorithm and derive an intelligent digital redesign procedure by local state matching in a hybrid state-space setting. More precisely, we first construct a continuous-time fuzzy-model-based controller, considering the global stability by adopting the guaranteed-cost design method. A digital redesign algorithm for the uncertain linear system is proposed, which is used for the design of the local digital control gains of the digital fuzzy-model-based controller. Here, this design process is called intelligent digital redesign [6] .
A. Design of a Continuous-Time Fuzzy-Model-Based Controller
In order to determine the local state feedback gain K ci in (5) with guaranteed global stability, we adopt the guaranteed-cost design method. The guaranteed-cost controller ensures a certain level of linear-quadratic performance for all admissible plant uncertainties [13] . Wang et al. [14] developed a guaranteed-cost design method for a different fuzzy-model-based controller. Here, we slightly modified their method to determine K ci for the continuous-time uncertain TS fuzzy model.
The cost function associated with system (2) is chosen as
for u c (t) specified in (6) , where the positive semi-definite matrix Q 2 n2n and the positive definite matrix R 2 m2m are constant matrices.
The sufficient condition for the existence of local state feedback gains Kci with guaranteed-cost is provided in the following theorem.
Theorem 1: If there exist a symmetric and positive definite matrix P , some matrices K ci , and a scalar > 0 such that the following LMIs are satisfied, then the continuous-time TS fuzzy model (2) is asymptotically stabilizable via the fuzzy-model-based controller (6), which is a cost-guaranteed controller shown in (14)- (16) at the bottom of the page, where
and 0 = P 01 and W i = K ci P 01 , 3 denotes the transposed elements in the symmetric positions, and the local feedback compensator Kci in (6) is given by
Proof: The global closed-loop fuzzy system with the fuzzy-model-based controller (6) is
Define a Lyapunov function candidate by
The time derivative of this Lyapunov function along a trajectory of the closed-loop system is 
The above equation can be rewritten as
By applying the Petersen Lemma [15] to the above equation, we obtain
Therefore, the sufficient condition for the above inequalities to be negative definite is to satisfy both (18) 
By using the Schur complement [16] , the above inequalities are equivalent to (15) and (16), respectively.
In addition, inequalities (18) and (19) together imply that 
B. Local Digital Redesign by Matching of States
Now, we are in a position to design an equivalent digital fuzzymodel-based controller from the continuous-time counterpart. In this brief, we take a local digital redesign approach. That is, the digital gains K di are obtained by matching the close-loop state x c (t) in the ith subspace at time t = kT to the digitally controlled state x d (t) at time t = kT , where T > 0 is the sampling period.
In the ith subspace, let us consider the continuous-time controlled and sampled-data controlled system given by The block-pulse function [17] is used to approximate the continuous-time control input uc( ) as follows: Rearranging the above equation yields
where, 
where
For practical implementation of the designed controller, however, it requires fixed values of control gains. Therefore, we first calculate interval matrices (2) and the digitally redesigned controller (39). Therefore the hybrid stability of the overall system should be verified via the numerical simulation and whenever the digitally redesigned system is unstable, the digitally redesigned control law (39) needs to be recalculated using a suitable small sampling period T . For this purpose, a bisection search method is suggested to find a suitable sampling period T .
C. Summary
In the above, we consider that the continuous-time TS fuzzy model has uncertainties. Therefore, the intelligent digital redesign technique developed in [6] has been modified for such uncertain dynamical systems. This procedure is summarized as follows.
Step 1) For the given continuous-time uncertain nonlinear system, construct a continuous-time uncertain TS fuzzy model, which has the form IF z 1 (t) is F i 1 and 111 and z n (t) is F i n THEN _xc(t) = (A0i + 1Ai)xc(t) + (B0i + 1Bi)uc(t); y = Cx c (t); i= 1; 2; ... q:
Step 2) Find a continuous-time state feedback gain Kci in (5) THEN u c (t) = 0K ci x c (t); i= 1; 2; ...; q:
Step 3) Determine the local digital gains K di as shown in ( The final realizable feedback gain K 0d is then determined by using the center-average defuzzification, product inference, and singletone fuzzifier, as follows:
To this end, the overall global digital controller is
We remark that in this brief, the uncertainties in the continuous-time TS fuzzy model is represented by two ways, i.e., the parametric structured uncertainties (3) and the interval matrices. The structured uncertainties (3) is convenient to use for determining the continuous-time local state feedback gain K i c , while the interval matrix form is convenient to use for calculating the local digitally redesigned gains K 0di .
It should be noted that the two uncertainty formulations represent the same uncertainties in the same continuous-time TS fuzzy model.
IV. NUMERICAL EXAMPLE
In this section, we present a numerical simulation example of the chaotic Lorenz system, to show the effectiveness of the proposed intel- The membership functions are
and (M 1 ; M 2 ) = (020; 30).
With the established continuous-time TS fuzzy model in (41), we now construct a digitally redesigned fuzzy-model-based controller for the chaotic Lorenz system. The design of the controller is based on the scheme outlined in Section III. The control objective is to guide the chaotic trajectories from the attractor to the origin.
By applying Theorem 1 and solving the corresponding LMIs, we obtain the following controller gain matrices: Fig. 1 , all system trajectories converge to zero despite the system uncertainties.
Since we have finished the design of the continuous-time fuzzymodel-based controller, we proceed to convert the obtained contin- In addition, we define a performance measure of the digitally redesigned system by using the following cost function:
where t f is the final time of interest, x ci (t) and x di (t) are the ith state variables of the state vectors x c (t) and x d (t), respectively, T f = t f =N with a sufficiently large integer N , xci(jT f ) and x di (jT f ) are the ith state variables of the state vectors x c (t) and x d (t) evaluated at t = jT f , respectively. The inter-sampling behavior of the analogously controlled system can also be considered by the objective function (43). We also note that the above cost function considers the global statematching between the analog and the digital system. digitally redesigned closed-loop sampled-data system with the gains given above (K di = K 0di ) is shown in Fig. 3(a) , along with those of the original continuous-time closed-loop system. To explicitly show the usefulness of the proposed method, the states of the closed-loop sampled-data system with discrete-time gains K di = Kci are shown in Fig. 3(b) . The performance measure of the proposed method is 0.0321, while that of the continuous-time fuzzy-model-based controller, which does not consider the sampling effect, is obtained as 0.0789. The control signals are shown in Fig. 4 . As expected, the system is well stabilized and the states of the closed-loop system are closely match those of the original continuous-time controlled system. Next, we increase the sampling period to T = 0:01 (s). The implementable discrete-time fuzzy-model-based control gains are obtained from the same procedure described above as follows: of the digitally redesigned closed-loop sampled-data system with the gains K di = K 0di is shown in Fig. 5(a) , along with those of the original continuous-time closed-loop system. The states of the closed-loop sampled-data system with discrete-time gains K di = K ci are shown in Fig. 5(b) . The performance measure of the proposed method is 0.0807, while that of the latter, which does not consider the sampling effect, is obtained as 0.1752. The control signals are shown in Fig. 6 .
As shown in all the simulation results, the proposed method is quite successful, even for the highly complex chaotic Lorenz system which is also subject to uncertainties. The closed-loop dynamics closely match with thoset of the continuous-time controlled system although the sampling period T = 0:01 (s) is relatively large. It also should be noted that the digitally redesigned fuzzy-model-based controller preserve most dynamic behavior of the original continuous-time closed-loop system, while simple insertion of sample-and-hold devices into the original continuous-time control loop, i.e., K di = Kci , heavily degrades the control performance as shown in the simulation results.
V. CONCLUSIONS
In this brief, we have presented a new intelligent digital redesign method for the sampled-data control of a class of uncertain nonlinear systems using fuzzy logic approach. A continuous-time fuzzy-modelbased controller is first constructed for the given uncertain TS fuzzy model. The cost-guaranteed design method is used and extended for designing the local feedback compensators with global stability. After the continuous-time design procedure is completed, an intelligent digital redesign technique has been developed by the state-matching principle and interval arithmetic, for each subsystem. The overall discrete-time controller is then constructed by fuzzy inference system with the designed local controllers. The uncertainties of the system are also considered in both the controller design and the local digital controller design procedures. In the simulation, we have used the TS fuzzy model of the chaotic Lorenz system, which was discovered very recently. The simulation results have shown that the proposed method is effective for digital control of continuous-time complex systems such as the chaotic Lorenz system.
Future research along the same lines includes a possible investigation of the hybrid stability of the sampled-data fuzzy-model-based controlled systems, and possible applications of the method to ordering hyperchaotic systems.
